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The gooseberry locus of Drosophila consists of two homologous Pax genes, gooseberry neuro (gsbn) and
gooseberry (gsb). Originally characterized by genetics as a single segment-polarity gene, its role in
segmentation has been enigmatic, as only deﬁciencies uncovering both genes showed a strong
segmentation phenotype while mutants of gsb did not. To solve this conundrum and assay for differential
roles of gsbn and gsb, we have obtained by homologous recombination for the ﬁrst time null mutants of
either gene as well as a deﬁciency inactivating only gsbn and gsb. Our analysis shows that (i) gsbn null
mutants are subviable while all surviving males and most females are sterile; (ii) gsb and gsbn share
overlapping functions in segmentation and the CNS, in which gsbn largely, but not completely depends
on the transcriptional activation by the product of gsb; (iii) as a consequence, in the absence of gsbn, gsb
becomes haploinsufﬁcient for its function in the CNS, and gsbn/ gsb/+ mutants die as larvae. Such
mutants display defects in the proper speciﬁcation of the SNa branch of the segmental nerve, which
appears intact in gsbn/ mutants. Lineage analysis in the embryonic CNS showed that gsbn is expressed
in the entire lineage derived from NB5-4, which generates 4 or 5 motoneurons whose axons are part of
the SNa branch and all of which except one also express BarH1. Analysis of gsbn/ gsb/+ clones
originating from NB5-4 further suggests that gsb and gsbn specify the SNa fate and concomitantly repress
the SNc fate in this lineage and that their products activate BarH1 transcription. Speciﬁcation of the SNa
fate by Gsb and Gsbn occurs mainly at the NB and GMC stage. However, the SNa mutant phenotype can
be rescued by providing Gsbn as late as at the postmitotic stage. The hierarchical relationship between
gsb and gsbn, the haploinsufﬁciency of gsb in gsbn mutants, and their redundant roles in the epidermis
and CNS are discussed. A model is proposed how selection for both genes occurred after their duplication
during evolution.
& 2013 Published by Elsevier Inc.Introduction
The gooseberry gene of Drosophila was originally characterized
by genetics as one of several loci belonging to the segment-
polarity class of segmentation genes whose zygotic activity is
required for the proper formation of larval segments (Nüsslein-
Volhard and Wieschaus, 1980). Null mutants of these genes gen-
erate during embryogenesis cuticular patterns in which equivalent
portions of each larval segment are missing and replaced by the
remaining segmental portions anterior to them, yet with reversed
polarity (Nüsslein-Volhard and Wieschaus, 1980). It was thought
that each segment-polarity locus corresponded to a single gene.
Therefore, it was surprising when it was discovered that thelsevier Inc.
).
, KU Leuven, Herestraat 49,gooseberry locus consists of two closely linked duplicated genes,
gooseberry (gsb) and gooseberry neuro (gsbn) (Bopp et al., 1986).
They encode transcription factors with two highly conserved DNA-
binding domains, the paired-domain and the paired-type homeo-
domain, and are divergently transcribed from their promoters that
are separated by a 10-kb cis-regulatory region (Baumgartner et al.,
1987; Bopp et al., 1986; Li and Noll, 1994a; Fig. 1). Also in the
distantly related Dipteran, Anopheles gambiae, and the Hymenop-
teran, Apis mellifera, there are two gooseberry genes that are similarly
linked, although in the latter transcription occurs in the same
direction (Osborne and Dearden, 2005).
A few additional ‘gene pairs’ encoding transcription factors are
known in Drosophila, engrailed (en) and invected (inv) (Gustavson
et al., 1996), sloppy paired 1 (slp1) and 2 (slp2) (Grossniklaus et al.,
1992), BarH1 and BarH2 (Higashijima et al., 1992), as well as pdm-1
and pdm-2 (Yeo et al., 1995), remarkably the ﬁrst two of which are
also segment-polarity genes. A common feature of these sister genes
is that their expression patterns are similar to and independent of
Fig. 1. Genomic region including the gsb locus: (A) map of the transcribed regions of the two gsb genes, gsbn and gsb, are shown in red and of the surrounding genes, zip,
uzip, Nplp1, gol, and dTKR, in blue with their directions of transcription indicated by arrows, located close to the right telomere of the second chromosome around 60F1. An
expanded map showing the intron/exon structure of the two gsb genes is shown below, indicating the positions of the P-element insertion gsbP1155, ochre mutation gsb525
(Duman-Scheel et al., 1997), and proximal breakpoint of Df(2R)KrSB1 (Gutjahr et al., 1993) as well as the extent of Df(2R)IIX62. Below the expanded map, the regions included
in the transgenes gsbnRes-deltaIN3, gsbn-Gal4, and gsbn-mCD8-GFP are indicated in black, while the fused coding regions of Gal4 and mCD8-GFP are shown in yellow and
green, respectively. (B) Schematic representation of wild-type and mutant Gsbn and Gsb proteins. Paired domains (PD) are depicted in brown and homeodomains (HD) with
their extended portions separated by a vertical line in blue. The two N-terminal fragments of GsbnD19A and Gsbs252 are shown below their wild-type versions.
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upstream region, their expression patterns are spatially and tempo-
rally distinct (Gutjahr et al., 1993; Li and Noll, 1994a). However, since
transcription of gsbn is regulated by Gsb, their expression patterns
also overlap (Gutjahr et al., 1993). Epidermal Gsb protein stripes
appear at the end of cellular blastoderm. During germ band exten-
sion, gsb is expressed in the neuroectoderm as well as in neuroblasts
(NBs) of rows 5 and 6, and in one medial NB of row 7 (Gutjahr et al.,
1993). After germ band retraction (stage 12), gsb expression begins
to diminish. Expression of gsbn starts at stage 10, ﬁrst in a small
number of NBs that express gsb. As neurogenesis proceeds, the
number of Gsbn-expressing cells in the central nervous system
(CNS) increases. Gsbn reaches its highest level by the time of headinvolution, after which it declines gradually but persists in the CNS
until nerve cord retraction (Gutjahr et al., 1993). In the epidermis,
Gsbn stripes were previously observed only after stage 12, yet to
persist much longer than Gsb until stage 17 (Gutjahr et al., 1993).
The division of labor between gsb and gsbn whose proteins can
replace each other when expressed in the same cells (Li and Noll,
1994b; Xue and Noll, 1996) has remained unclear. The gsb gene
acts as a segment-polarity gene in the epidermis and as a NB
identity gene in the CNS (Duman-Scheel et al., 1997; Gutjahr et al.,
1993; Skeath et al., 1995; Zhang et al., 1994). The function(s) of
gsbn, however, are unknown because no mutations that affect
gsbn, but not gsb, have been identiﬁed. In addition, several aspects
of gsb functions remain unresolved, as all mutations of the gsb
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gsbn, and a few neighboring genes. Since gsb activates gsbn in the
CNS, it is further unclear whether gsb executes its function in the
CNS exclusively through gsbn. Moreover, the function of gsb at
the postmitotic neuronal stage could not be assessed because of
the severe defects in neuronal precursors of gsb mutants (Duman-
Scheel et al., 1997; Skeath et al., 1995). The cuticular phenotype of
gsb mutants is another puzzling aspect of how gsb functions.
Although the strong cuticular phenotype of gsb deﬁciency mutants
can be rescued completely by a gsb transgene (Gutjahr et al., 1993),
it is not certain that the mutant phenotype must be attributed
solely to the loss of gsb because it is possible that gsbn fulﬁlls a
function redundant or partially redundant with that of gsb.
To address these questions, we generated a series of gsbn and
gsbmutant alleles. The analysis of these alleles revealed a complex
functional relationship between gsb and gsbn. Notably, gsb haploidy
leads to lethality in gsbn mutants. In addition, we discovered the
functions of gsb and gsbn in cell fate speciﬁcation of a subset of
motoneurons (MNs) and unraveled the role of gsbn in segmentation.Materials and methods
Generation of gsbn and gsb mutant alleles
The design of and genetic screen for gsbn and gsb mutants
essentially followed the procedure based on ends-in homologous
recombination described previously (Rong et al., 2002). To produce
a gsbn mutant, gsbnD-19A, a single base-pair was deleted and an
additional point mutation introduced in exon 4 of gsbn, thus
generating a SpeI site, by the use of two primers, 5′–AGACT.
AGTTATAAGTGACACGGAATCGGAGCCTGGG-3′ and 5′–TTATAACT.
AGTCTCGCCCTGCAAACGATGTGAAAAGG-3′, in which the deletion
is indicated by a dot, the mutated base in italics, and the stop
codons are underlined. These mutations resulted in a frame-shift
and two closely spaced in-frame amber and ochre codons, trun-
cating the encoded Gsbn protein after the ﬁrst amino acid of the
extended homeodomain, Asp164 (Fig. 1B). Similarly, to obtain a gsb
mutant, gsbs252, a single base-pair was deleted, generating a SmaI
site, and an additional point mutation introduced in exon 2 of gsb
by the use of two primers, 5′–CCATTCGGCCCGG.GTAATAGGTGG-
CAGCAAGCCCCGTGTAG-3′ and 5′-CTTGCTGCCACCTATTAC.CCGGG-
CCGAATGGAGCCAGTCTC-3′, in which the deletion is indicated by a
dot, the mutated base in italics, and the stop codons are under-
lined. These mutations resulted in a frame-shift and two adjacent
consecutive in-frame ochre and amber codons, truncating the
encoded Gsb protein after the 66th amino acid of its paired
domain, Gly84 (Fig. 1B).
To generate a deletion allele of gsbn, we took advantage of two
insertions of transposable elements, gsbnf06670 and gsbnd07597,
inserted in intron 3 and the 5′UTR of gsbn, respectively (Parks
et al., 2004). The original gsbnf06670 chromosome is homozygous
lethal. After removal of the lethal(s) by recombination, a homo-
zygous viable gsbnf06670 chromosome was obtained, which was
used in all crosses. The presence of FRT sites with the same
orientation in both gsbnf06670 and gsbnd07597 permits the genera-
tion of a gsbn deletion allele, gsbndel, through Flippase-mediated
recombination (Thibault et al., 2004; Fig. S1 in Supporting infor-
mation). Similarly, the 41-kb deﬁciency Df(2R)GGGd13, which
uncovers gsbn, gsb, and gol, was generated from gsbnf06670 and
golf06661 (see legend to Fig. S1 in Supporting information), which is
an insertion of a piggyBac element, located 2439 bp upstream of
the goliath (gol) transcription start site and 979 bp within the 3′
UTR of the neighboring dTKR gene (Parks et al., 2004; FlyBase;
Fig. 1A). To generate a gsbn-gsb double mutant allele, gsbdb, the
intermediate product of gsb ends-in homologous recombination,which contains an FRT site between the proximal wild-type and
distal mutated copy of gsbwas used in combination with gsbnf06670
(Fig. S2 in Supporting information).
The gsbJ46 allele was generated by imprecise excision from
gsbP1155 of the P element, inserted 53 bp upstream of the gsb
transcriptional start site (8 bp upstream of that originally mapped
by Duman-Scheel et al., 1997; Fig. 1A). gsbJ46 retains 2736 bp of the
5′-end (including 2147 bp of the lacZ coding region) and 15 bp of
the 3′-end of the P element with 19 bp of unknown origin
inbetween. The sequences ﬂanking the P-element insertion are
intact in gsbJ46. It should be noted that the P-element promoter at
the 5′ end of the insertion is promiscuous and thus regulates
transcription according to the upstream gsb enhancers (Li and
Noll, 1994a; Li et al., 1993). Therefore, deletion of the C-terminal
lacZ coding region and of its hsp70 3′UTR sequence in gsbJ46 is
expected to generate a lacZ-gsb fusion transcript in those cells that
would express gsb in the wild type and thus to interfere with
expression of gsb as no internal ribosome entry site is present on
the fusion transcript. This conclusion is consistent with the obser-
vation that the truncated β-galactosidase faithfully reproduces the
pattern of endogenous Gsb in embryos. We do not understand,
however, why expression of lacZ from gsbP1155 appears to be
regulated by the enhancers of gsb as well as the more remote
enhancers of gsbn whereas expression from gsbJ46 only by the more
proximal enhancers of gsb (data not shown). Yet, gsbJ46 is only a
very strong but probably not a null allele (see section “Results”). It is
clearly stronger than the allele from which it has been derived,
gsbP1155, as evident from the fact that low expression of Gsb is
detectable in the epidermis of gsbP1155 but not of gsbJ46 embryos
(data not shown). The most likely explanation why gsbJ46 is a
stronger allele than gsbP1155 is that although transcriptional read-
through strongly reduces initiation of transcription from the gsb
promoter located within the 53 bp upstream of the gsb transcrip-
tional start site, it does not completely prevent it. However, it
reduces transcription from the gsb promoter in gsbJ46 much more
strongly than in gsbP1155 embryos, where little or no interference by
lacZ transcription is expected while the P-element insertion still
impedes efﬁcient transcription from the gsb promoter.
Generation of transgenic ﬂies
To generate the gsbn genomic/cDNA hybrid rescue transgene,
gsbnRes-deltaIN3, ﬁrst a plasmid ‘gsbn fullRes in pBS(NA)’ was
constructed by a series of cloning steps resulting in the insertion in
pBS(NA) of a 22.20 kb genomic DNA fragment, extending from the
NruI site in the 5′UTR of gsb to the HpaI site 0.50 kb downstream of
gsbn (Baumgartner et al., 1987). The pBS(NA) vector has been
derived from pBS(Not) (Rong and Golic, 2001) by the insertion of a
HindIII-AvrII-HpaI-SalI linker between the HindIII and SalI sites of
its polylinker. The plasmid ‘gsbnRes-deltaIN3 in pBS(NA)’ was then
obtained by replacing in ‘gsbn fullRes in pBS(NA)’ the genomic
5.2 kb AsiSI-BglII and the adjacent 1.74 kb BglII fragments by the
0.7 kb AsiSI-BglII fragment of the gsbn-cDNA BSH4c4 (Baumgartner
et al., 1987), thus eliminating the 6.12 kb intron 3 and the 114 bp
intron 4 of gsbn. Finally, the insert of ‘gsbnRes-deltaIN3 in pBS
(NA)’, a 16 kb XbaI-NotI fragment, was inserted between the XbaI
and NotI sites of the polylinker of the P-element vector pW8
(Klemenz et al., 1987) to generate the rescue construct ‘gsbnRes-
deltaIN3 in pW8’.
The gsbn-Gal4 transgene was obtained by insertion into the
blunt-ended SpeI site of the polylinker of the plasmid pDA187
(kindly provided by K. Basler) of the 10.1 kb blunt-ended NruI-NcoI
fragment of ‘gsbnRes-deltaIN3 in pW8’, extending from the 5′UTR
of gsb to that of gsbn (Baumgartner et al., 1987) and thus including
the entire control region of 4Z1 regulating gsbn (Li and Noll,
1994a).
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‘mCD8-GFP-gsbn-3′UTR in pW8’ was prepared by combining in the
polylinker of pW8 the 1.4 kb XhoI-XbaI fragment from ‘mCD8-GFP
in pBS’ (Lee and Luo, 1999) with the 610 bp XbaI-EcoRI fragment of
the gsbn-3′UTR, obtained by PCR of cloned genomic gsbn-DNA,
BSH4 (Bopp et al., 1986), and use of the primers gsbn-3′up (5′-
GCTCTAGATCATGATTTAATGAATCGCCGACG-3′) and gsbn-3’down
(5′-CGGAATTCTTACCTGTTTGTTCCCATA-3′). Finally, ‘gsbn-mCD8-
GFP’ was prepared by insertion of the 10.1 kb blunt-ended NruI-
NcoI fragment of ‘gsbnRes-deltaIN3 in pW8’ into the blunt-ended
XhoI site of ‘mCD8-GFP-gsbn-3′UTR in pW8’.
To produce the UAS-gsbn transgene, the 1.7 kb blunt-ended
BssHII-NsiI fragment of the gsbn-cDNA BSH4c4 (Baumgartner et al.,
1987), was inserted into the blunt-ended EcoRI site of the poly-
linker of pUAST (Brand and Perrimon, 1993).
Immunohistochemistry
The following primary antisera were used: mouse anti-FasII
(MAb 1D4), mouse anti-Prospero (MR1A), mouse anti-Elav
(9F8A9) (all from Developmental Studies Hybridoma Bank), rabbit
anti-Gsb and rabbit anti-Gsbn (Gutjahr et al., 1993), rat anti-Gsb
and rat anti-Gsbn (Zhang et al., 1994), rabbit anti-BarH1 (S12)
(Higashijima et al., 1992), mouse anti-Connectin (C1.427; Meadows
et al., 1994), rabbit anti-phospho-Histone3 (Ser10) (Upstate),
rabbit anti-MHC (Kiehart and Feghali, 1986), guinea pig anti-
dHb9 (Broihier and Skeath, 2002), rabbit anti-Twist (Roth et al.,
1989), rabbit anti-GFP (Medical & Biological Laboratories, Nagoya,
Japan), chicken anti-GFP (Abcam), mouse anti-β-galactosidase
(Promega). Secondary antibodies were conjugated either with
Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen). Embryos were
ﬁxed and stained as described previously (Gutjahr et al., 1993) and
photographed under a Zeiss Axiophot microscope or Leica TCS SP
confocal microscope. Confocal images were processed by the use
of Image J software (NIH, Maryland, USA).
NB lineage analysis in the embryo by ﬂip-out technique
FLP recombinase was induced by a 15- or 30-min heat shock at
32 1C in 3.5–4.5 h old embryos (aged at 25 1C) collected from (i)
hs-ﬂp y w; UAS4CD2 y+4mCD8-GFP/CyO; gsbn-Gal4 parents, (ii) a
cross between hs-ﬂp y w; gsbn-Gal4 and y w; UAS4CD2
y+4mCD8-GFP/CyO, Act-lacZ parents, or (iii) a cross between hs-
ﬂp y w; gsbn-Gal4 gsbnD19A/CyO and y w; UAS4CD2 y+4mCD8-
GFP Df(2R)GGGd13/CyO parents. Embryos were then allowed to
develop for various time intervals at 25 1C until 13–17 h after egg
laying (AEL). In case of a 15-min heat shock, the number of GFP-
marked clones in the CNS was much less than one per hemiseg-
ment. On average about 1 NB5-4 clone was detected per 9 GFP-
positive embryos obtained from hs-ﬂp y w; UAS4CD2 y+4mCD8-
GFP/CyO; gsbn-Gal4 parents. Among the GFP-positive embryos, 34
clones labeled the SNa and were derived from NB5-4, two of
which were in separate hemisegments of the same embryo. While
31 clones comprised 4 (23 embryos) or 5 MNs (8 embryos), one
clone included only three MNs and two clones more than 5 marked
cells in the same hemisegment, 4 or 5 of which were MNs derived
from NB5-4, whereas the remaining cells were presumably
derived from a Gsbn-NB that was the offspring of an epidermal
cell in which ﬂip-out had occurred and that in addition produced
NB5-4. The observed number of NB5-4 clones obey a Poisson
distribution if one assumes that NB5-4 generates only 4 or 5 MNs,
which is in agreement with an earlier lineage analysis (Schmidt
et al., 1997). In case of a 30-min heat shock, only about 75% of the
GFP-marked clones were single, and on average about 1 NB5-4
clone was observed per 2 GFP-positive embryos obtained from
a cross between hs-ﬂp y w; gsbn-Gal4 and y w; UAS4CD2y+4mCD8-GFP/CyO, Act-lacZ parents. In half of those clones
that were not single, the additional clone induced in the same
hemisegment was located more medially, well separated from a
NB5-4 clone.
For the ﬂip-out analysis in the gsbnD19A/Df(2R)GGGd13 mutant
background, heat shock was administered under the same condi-
tions as in the wild-type background, and on average one NB5-4
clone was observed per two GFP-positive embryos. Those NB5-4
clones that had a neighboring clone that was located more
medially and well separated from a NB5-4 clone were
included for further analysis. We estimated that about 85% of the
NB5-4 clones analyzed in the mutant background were single
clones.Fly stocks
The following ﬂy strains were used.
y w; gsbnf06670/CyO, y+ (Parks et al., 2004),
w; gsbnd07597/CyO (Parks et al., 2004),
w; golf06661 (Parks et al., 2004),
Df(2R)IIX62/SM6b, eve-lacZ,
y w; gsbnD19A/SM6b, eve-lacZ,
gsbndel/SM6b, eve-lacZ,
y w; Df(2R)GGGd13/SM6b, eve-lacZ,
y w; gsbJ46/SM6b, eve-lacZ,
y w; gsbs252/SM6b, eve-lacZ,
y w; gsbdb/SM6b, eve-lacZ,
y w; gsbnD19A/CyO, y+; gsbnRes-deltaIN3 (lines 1 and 4),
y w; Df(2R)IIX62 /CyO, y+; gsbnRes-deltaIN3 (lines 1 and 4),
y w; gsbn-mCD8-GFP (lines 5, 8, and 9),
y w; gsbn-Gal4 (lines 3 and 23),
y w; UAS-mCD8-GFP (Lee and Luo, 1999),
y w; UAS-gsbn (lines 3 and 14),
BarH1lacZ (PL9 line) (Bourbon et al., 2002; Garces et al., 2006),
elav-Gal4 (C155 line) (Lin and Goodman, 1994),
gsbn-lacZ (4Z1) (Li and Noll, 1994a),
hs-ﬂp y w; UAS4CD2 y+4mCD8-GFP/CyO; TM2/TM6B (kindly
provided by R. Stocker),
hs-ﬂp y w; UAS4CD2 y+4mCD8-GFP/CyO; gsbn-Gal4-23,
hs-ﬂp y w; gsbn-Gal4-3,
hs-ﬂp y w; gsbn-Gal4-3 gsbnD19A/CyO, hb-lacZ,
y w; UAS4CD2 y+4mCD8-GFP/CyO, Act-lacZ,
y w; UAS4CD2 y+4mCD8-GFP Df(2R)GGGd13/CyO.
Results
Generation and characterization of gsbn and gsb mutant alleles
We ﬁrst generated a gsbn mutant allele, gsbnD-19A, with a
frame-shift mutation in the codon of the second amino acid of
the extended homeodomain, using ends-in homologous recombi-
nation (Rong et al., 2002). As a result, a truncated Gsbn protein is
produced that lacks the homeodomain and its C-terminal portion
yet retains the paired domain (Fig. 1B). To produce a gsbn allele,
gsbndel, in which the ORF is completely disrupted, a deletion
between the 5′UTR and intron 3 of gsbn was obtained by
Flippase-mediated recombination between the FRT sites of
gsbnf06670 and gsbnd07597 (Fig. S1 in Supporting information). No
Gsbn was detected in homozygous gsbnD19A, gsbnf06670, and
gsbndel embryos by staining with an anti-Gsbn antiserum from
which any cross-reactivity with Gsb had been removed (Gutjahr
et al., 1993), while gsbnd07597 embryos stained weakly (data not
shown).
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exhibit a very weak cuticular phenotype (Duman-Scheel et al.,
1997), we further generated by ends-in homologous recombina-
tion a gsb null allele, gsbs252, that does not affect adjacent genes.
In gsbs252, mutation of two nucleotides produced a Gsbs252 protein
of 84 amino acids that was truncated by two consecutive stop
codons immediately after amino acid 66 of the 128-amino acid
paired domain (Fig. 1B). Another gsb allele, gsbJ46, was derived
from gsbP1155 (Fig. 1A) by imprecise excision of the P element. Both
gsbJ46 and gsbs252 homozygous embryos exhibited no staining with
an anti-Gsb antiserum from which any cross-reactivity with Gsbn
had been removed (data not shown).
Finally, to obtain mutant alleles affecting both gsb and gsbn, the
deﬁciency Df(2R)GGGd13 and the gsbn-gsb double mutant, gsbdb,
were generated by Flippase-mediated recombination (Figs. S1 and
S2 in Supporting information). The deﬁciency Df(2R)GGGd13 is a
41-kb deletion between intron 3 of gsbn and the 3′UTR of dTKR,
and thus uncovers, in addition to gsbn and gsb, the adjacent gol
and may also affect dTKR (Fig. 1A). The gsbdb mutation is a deletion,
extending from intron 3 of gsbn to about 2.5 kb upstream of the
gsb transcription start site, which is replaced by an insertion and
combined with point mutations resulting in two consecutive stop
codons after amino acid 84 of gsb (Fig. S2B in Supporting
information). These ascertain – should any transcription of gsb
occur, which is improbable because the enhancers of gsb are
located in the deleted portion (Li et al., 1993) – that the RNA could
only be translated into a non-functional truncated Gsb protein.
Again no histochemical staining was detectable with anti-Gsb and
anti-Gsbn in Df(2R)GGGd13 and gsbdb embryos (data not shown).
Haploinsufﬁciency of gsb leads to lethality in gsbn mutants
Homo- and transheterozygous mutants of gsbnD19A, gsbnf06670,
and gsbndel exhibit highly variable rates of survival to adulthood
(Table 1). Moreover, all males are sterile and females are barely
fertile. Surprisingly, all three gsbn alleles are lethal over the large
deﬁciencies, Df(2R)GGGd13 or Df(2R)IIX62 (Fig. 1), as well as over
the deﬁciency gsbdb, which uncovers only gsb and gsbn. When ﬂies
were raised under non-competitive conditions, their lethal phase
is largely restricted to the ﬁrst larval instar. In case of gsbnD-19A/
(Df(2R)GGGd13 or Df(2R)IIX62) transheterozygotes, less than 5% of
the larvae escaped to adulthood. These adults were extremely
weak, hardly able to move, and died within one day after eclosion.
By contrast, hemizygous Df(2R)GGGd13/+ embryos survive to fully
viable fertile adults at the same rate as wild-type embryos (data
not shown).
To corroborate that the defective fertility of gsbn mutants and
the lethality of gsbn/ gsb /+ mutants result from the loss of
gsbn, we tried to rescue the fertility and viability by a gsbn
transgene, gsbnRes-deltaIN3, that includes the entire upstreamTable 1
Survival rates of gsbn alleles. Five at least 2-day-old virgins were crossed with ﬁve
1–20-day-old males at 25 1C to determine the rates of survival to adulthood of their
offspring. To avoid crowding of larvae, egg laying was allowed for only 1–2 days. If
necessary, food was kept moist by the occasional addition of a few droplets of
water. Rates of survival to adulthood are shown as mean7SD and calibrated with
regard to the survival rates of the corresponding gsbn+/gsbn heterozygotes, taken
as 1.00. Surviving ﬂies from more than 10 tubes were scored for each genotype.
No survival to adulthood was ever observed for homo- or transheterozygotes of
Df(2R)IIX62, Df(2R)GGGd13, or gsbdb, abbreviated here as gsbn gsb .
gsbnD-19A gsbnf06670 gsbndel gsbn– gsb–
gsbnD-19A 0.5970.27 0.6770.19 0.1470.14 0
gsbnf06670 0.3270.23 0.2270.09 0
gsbndel 0.1670.14 0
gsbn– gsb– 0and transcribed region of gsbn except introns 3 and 4 (Fig. 1A).
This transgene produces similar expression patterns to those of
endogenous gsbn during embryogenesis (data not shown). More-
over, its expression is drastically reduced in Df(2R)IIX62 embryos
(data not shown), which indicates that it is transcriptionally
regulated like endogenous gsbn (Gutjahr et al., 1993; see below).
One copy of gsbnRes-deltaIN3 rescued male and female fertility of
gsbn homozygotes completely, while two copies rescued 70–80%
of gsbnD19A/Df(2R)IIX62 transheterozygotes to fertile adults.
gsbn is expressed in the neuronal precursors and postmitotic neurons
To investigate the functions of gsbn in CNS development, we
extended our previous analysis of the gsbn expression pattern in
the CNS (Gutjahr et al., 1993) with respect to molecular markers
speciﬁc for neural cell-types. As judged by cell morphology
(Gutjahr et al., 1993) and NB lineage analysis (Buenzow and
Holmgren, 1995), Gsbn protein is restricted to Gsb-expressing
NBs and their ganglion mother cells (GMCs) at stages 10–12 of
embryogenesis. Consistent with these observations, Gsbn is ﬁrst
expressed weakly at mid stage 10 and restricted to two rows of
cells, rows 5 and 6 (Gutjahr et al., 1993), in each segment (Fig. 2A).
These cells have large and round nuclei and hence are NBs (Doe,
1992). At stage 11, some of the Gsbn-expressing cells were labeled
by anti-phospho-Histone3, a marker speciﬁc for dividing cells,
which suggests that they are NBs or GMCs (Fig. 2D–F). Prospero
(Pros), a homeodomain protein localized in nuclei of GMCs and
immature neurons but not of NBs (Spana and Doe, 1995), is
present in the nuclei of most Gsbn-expressing cells at stage 12
(Fig. 2G–I), with the exception of a few cells in the lateral region of
the ventral nerve cord (VNC). Thus, by this stage Gsbn is expressed
mainly in the progeny of the Gsbn-expressing NBs (Buenzow and
Holmgren, 1995). As neurogenesis proceeds, Gsbn appears pre-
dominantly in terminally differentiating neurons, as revealed by
its co-expression with Elav (Fig. 2J–L). After germ band retraction,
Gsbn also appears in stripes of epidermal cells (Fig. 2B) in the
posterior region of each segment, where it remains expressed up
to stage 17 (Gutjahr et al., 1993). At late stage 14 and early stage 15,
Gsbn protein reaches its highest levels in the VNC and is detectable
in ∼70 cells per hemisegment (Fig. 2B).
It has been reported that Gsbn protein is not detectable in
Df(2R)KrSB1/Df(2R)IIX62 mutants which lack both copies of gsb
(Gutjahr et al., 1993). Since this mutant includes only one copy of
gsbn, which may reduce the sensitivity to detect Gsbn, we
examined Gsbn expression in mutants of the gsb allele that is
strongest with respect to the cuticular phenotype (see below),
gsbs252, but does not affect the gsbn genomic region. As evident
from Fig. 2C, the number of Gsbn-expressing cells is considerably
reduced in the VNC of gsbs252 embryos at stage 15, as compared to
wild-type embryos (Fig. 2B). In most hemisegments, Gsbn is
detected in only ∼30–40 cells most of which are located in the
medial region of the VNC. In some hemisegments, gsbn expression
is almost completely abolished and detectable in less than ﬁve
cells (arrowhead in Fig. 2C). Staining for Gsbn is similarly reduced
in gsbJ46 embryos (data not shown). Therefore, although activation
of gsbn in NBs and their lineages requires Gsb protein, it does not
completely depend on it.
gsbn and gsb are expressed in a subset of SNa motoneurons derived
from NB5-4
To trace the axonal projections of the neurons expressing Gsbn,
two gsbn reporter genes, gsbn-mCD8-GFP and gsbn-Gal4, were
constructed. The expression of both transgene products, the
membrane-bound mCD8-GFP fusion protein and Gal4, were
placed under the direct control of the entire upstream region of
Fig. 2. Expression of Gsbn in the VNC during embryogenesis. Ventral views of VNCs of dissected, ﬂat-mounted embryos are shown with anterior up. (A–C) Stage 10 and 15
wild-type (A and B) and stage 15 gsbs252 embryos (C) were stained with anti-Gsbn. Note that in one hemisegment of the gsbs252 mutant, gsbn expression is almost abolished
in the CNS (arrowhead) but is not affected in the epidermis (arrow). (D–F) Stage 11 wild-type embryos carrying the lacZ reporter transgene of gsbn, 4Z1, which recapitulates
gsbn expression during embryogenesis (Li and Noll, 1994a), were double-stained with anti-β-galactosidase (green) and anti-phospho-Histone3 (red). (G–L) Stage 12 (G–I) or
stage 13 (J–L) wild-type embryos were double-stained with anti-Gsbn (green) and anti-Prospero (red) (G–I) or anti-Elav (red) (J–L). Projections of several (A–C, J–L) or only
single optical sections of Z-stacks (D–I) are shown. Arrows (B and C) point at epidermal Gsbn expression (Gutjahr et al., 1993). Scale bar: 20 μm.
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of gsbn-mCD8-GFP faithfully recapitulates the expression patterns
of gsbn in the CNS throughout embryogenesis (Fig. S3 in Support-
ing information). Because of the temporal delay in expression of
the GAL4/UAS system and the perdurance of Gal4, it is difﬁcult to
assess the faithfulness of gsbn-Gal4 expression at embryonic
stages. However, since gsbn-Gal4 is controlled by a cis-regulatory
region identical to that of gsbn-mCD8-GFP, it is probable that gsbn-
Gal4 also reﬂects the endogenous gsbn expression, though with a
delay. Evidently, both gsbn-Gal4 and gsbn-mCD8-GFP drive GFP
expression in a subset of MNs (Fig. 3A–C; data not shown).
In each abdominal hemisegment A2–A7 of the embryo, about
36 MNs innervate in a segmentally reiterated manner the stereo-
typically aligned 30 body-wall muscles (Schmid et al., 1999;
reviewed in Landgraf and Thor, 2006). The motor axons exitthe CNS through three main routes: the segmental nerve (SN),
the intersegmental nerve (ISN), and the transverse nerve (TN)
(Johansen et al., 1989; Thomas et al., 1984; Van Vactor et al., 1993).
At particular points of choice, subsets of motor axons defasciculate
from the SN and ISN to form speciﬁc motor branches. The SN
branches into SNa and SNc, the ISN into ISNb, ISNd, and ISN
(Landgraf et al., 1997; Thor et al., 1999; Fig. 3A–C). While SNc
leaves the SN to innervate the ventral muscles 27 and 29 (Nose
et al., 1992), the SNa continues dorsally and bifurcates in the lateral
muscle region, producing an anterior branch innervating muscles
21–24 and a posterior branch innervating muscles 5 and 8 (Nose
et al., 1992). Similarly, ISNb and ISNd branch off from the ISN in the
ventral muscle region whereas the main ISN branch extends
dorsally to innervate the dorsal muscles (Lin and Goodman,
1994; Van Vactor et al., 1993). Double-labeling of motor axons
Fig. 3. Gsbn and Gsb are expressed in the SNa MNs derived from NB5-4. Lateral (A–C) or ventral (D–P) views of dissected and ﬂat-mounted embryos with anterior to the left
(A–C) or up (D–P) are shown. (A–C) Stage 16 embryos carrying gsbn-Gal4 driving UAS-mCD8-GFPwere double-labeled with anti-GFP (green) and anti-FasII (red) and analyzed
in the green (A), red (B), or both channels (C). (D–J) The lateral CNS with single NB5-4 ﬂip-out clones of 4 (D–F and G) or 5 Gsbn-MNs (H–J) were immunostained for GFP
(green) as well as CD2, Gsbn, or Con (red) and analyzed in the green (D and H), red (E and I), or both channels (F, G, and J). Note that the SNa of the clone shown in (D) is not
stained by anti-CD2 (E), whereas the SNa is stained by anti-CD2 in the more posterior hemisegment in which no NB5-4 clone was induced (E and F; arrowheads point at the
muscle region innervated by SNa). All four cells (arrowheads) of a single NB5-4 clone co-express GFP (green) and Gsbn (red) at late stage 14 (G). Note that the somata of the
three laterally located Gsbn-MNs (denoted by asterisks) of an NB5-4 clone with ﬁve MNs at stage 15, as well as the medially projecting neurite (arrowhead) co-stain for GFP
and Con (H–J). (K–P) Wild-type embryos at stage 15 (K–M) or stage 13 (N–P) were co-immunostained for BarH1 and Gsbn (K–M) or Gsb (N–P). At stage 15, Gsbn and BarH1
are co-expressed in two or three (left or right hemisegment in K–M) SNa MNs located laterally (arrowheads), as well as in one medially located SNa MN (arrows), but not in
the two ventro-median SNa BarH1-MNs (asterisks in L and M). At stage 13, Gsb is co-expressed with BarH1 only in the medial (arrows in N–P), but not in the lateral SNa MNs
(arrowheads in O and P). Vertical bars in (M) and (P) indicate the midline of the VNC. Scale bar: 20 μm (A–F, H–P), 5 μm (G).
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that gsbn-Gal4 is expressed in MNs whose axons project through
SNa, ISN, and ISNb (Fig. 3A–C). The SNa motor axons labeled by
GFP appear to innervate muscles 22–24, 5, and possibly 8 (Fig. S4
in Supporting information), as revealed by co-labeling for Con-
nectin (Con), a cell adhesion molecule that is expressed in the
motor axons of SNa and SNc as well as in the muscles they
innervate (Meadows et al., 1994; Nose et al., 1992). In addition,
gsbn-Gal4 is expressed in the glia enwrapping SNa (Fig. 3A).
Labeling with DiI has demonstrated that the abdominal lineage
derived from neuroblast NB5-4 generates only four to ﬁve MNs
whose axons project through the SN (Schmidt et al., 1997). Since
gsbn is expressed in the NBs of row 5, it is conceivable that all MNs
that express gsbn-Gal4 and project through SNa originate fromNB5-4. To test this possibility, we carried out a lineage analysis
using the ﬂip-out technique (Basler and Struhl, 1994; Ramaekers
et al., 2005; Wong et al., 2002). Our results conﬁrmed that one NB
lineage expressing gsbn-Gal4 activating UAS4CD2 y+4mCD8-GFP,
from which CD2 y+ had been removed by Flippase-mediated ﬂip-
out induced by heat shock activated hs-ﬂp, consists of four or ﬁve
SNa MNs, presumably derived from NB5-4 (see section “Materials
and methods”). All SNa MNs expressing gsbn-Gal4 originate from
NB5-4 because (i) these were all single clones (see section
“Materials and methods”) and (ii) in hemisegments where an
NB5-4 clone was induced, the SNa motor axons stained only for
GFP, but not CD2 (Fig. 3D–F). Endogenous Gsbn is expressed in all
SNa MNs of the NB5-4 lineage (Fig. 3G). The positions of cell
bodies of the SNa MNs in the NB5-4 lineage are highly stereotypic.
Fig. 4. gsbn / gsb/+ mutants show defective innervations of lateral muscles by the SNa motor axons. (A–F) Lateral views of dissected and ﬂat-mounted late stage 16
embryos, oriented with their anterior to the left, dorsal side up, and CNS to the bottom. Projections of motor axons were visualized by immunostaining for FasII. Images were
taken under brightﬁeld Nomarski optics. Wild-type (A) and gsbnD19A (B) embryos exhibit normal SNa projections (arrows). In gsbnD19A/Df(2R)IIX62 (C) and gsbndel/
Df(2R)GGGd13 (D) embryos, the SNa branch frequently shows the ‘thin’ phenotype (ﬁlled arrowheads) and sometimes displays the ‘bifurcation missing’ phenotype (open
arrowheads). Note that staining of axons is always continuous for the ‘thin’, but may be discontinuous for the ‘bifurcation missing’ SNa phenotype. (E and F) Both SNa mutant
phenotypes are rescued in gsbnD19A/Df(2R)GGGd13 embryos by elav-Gal4 driving UAS-gsbn (arrow in E), but not by UAS-gsbn (F). For quantiﬁcation of phenotypes, see Table 2.
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clustered at the lateral edge of the VNC, while the soma of the
remaining MN is well separated and located more medially
(Fig. 3D and G and Fig. 5A). Similarly, in ﬁve-cell clones, one or
two cell bodies are located more medially than the other four or
three somata at the lateral edge of the VNC (Fig. 3H). Interestingly,
in either case anti-Con stains not only the SNa motor axons, but
also two or three of the more laterally located somata (asterisks in
Fig. 3H–J; the somata of more medially located SNa MNs never
stained for Con), as well as the medially projecting neurites of the
NB5-4 lineage (arrowheads in Fig. 3H–J), whereas anti-FasII only
stains the motor axons (data not shown).
Based on the positions of their cell bodies within the VNC, SNa
MNs expressing the homeodomain transcription factor BarH1 can
be divided into a ventro-median and a dorso-lateral group (Garces
et al., 2006). Double-labeling for BarH1 and Gsbn shows that there
are two BarH1-positive MNs in the ventro-median group both of
which do not express Gsbn (asterisks in Fig. 3K–M). By contrast, all
three or four BarH1-positive MNs of the dorso-lateral group
(arrowheads and arrows in Fig. 3L), one of which is more medially
located (arrows in Fig. 3L), express Gsbn and hence are derived
from NB5-4. Since Gsbn-MNs derived from NB5-4 also vary in
number by one, between four and ﬁve MNs, we assume that this
variation is also reﬂected by the number of BarH1-positive MNs of
the dorso-lateral group that co-express Gsbn. It follows that there
is always one Gsbn-MN derived from NB5-4 that does not express
BarH1 while all others express it. Thus, expression of Gsbn and
BarH1 overlap but do not coincide in SNa MNs such that one MN,
derived from NB5-4, expresses only Gsbn while two SNa MNs, not
derived from NB5-4, express only BarH1. Interestingly, the homeo-
domain protein dHb9, expressed in the majority of MNs (Broihier
and Skeath, 2002; Odden et al., 2002), is not present in NB5-4 SNa
MNs (data not shown).
Next we investigated whether gsb is expressed in SNa MNs.
After stage 13, Gsb expression is detectable only in a few
dorsolateral cells of the VNC (Gutjahr et al., 1993; data not shown).
Since the ﬂip-out technique cannot unequivocally identify theNB5-4 lineage at stage 13 when the SNa motor axons have not yet
extended into the peripheral region, we immunolabeled SNa MNs
for BarH1. At this stage, BarH1 is detectable in two dorso-lateral
SNa MNs, one of which is located more medially and co-expresses
Gsb (arrows in Fig. 3N–P). Thus, this neuron is derived from NB5-4.
In summary, these results establish that a subpopulation of the
SNa MNs originates from NB5-4 and expresses gsbn and gsb.
Defective innervations by SNa of lateral body wall muscles in gsbn /
gsb /+ embryos
The expression of gsbn in NB5-4 SNa MNs raises the question
whether development of these MNs depends on gsbn. To address
this question, we visualized motor axon projections in gsbn
mutant embryos by immunostaining for FasII. In gsbnD19A or
gsbndel homozygotes, no obvious abnormalities, when compared
to wild type, were observed in SNa (Fig. 4A, B and Table 2), ISN,
and ISNb. Since gsbn and gsb may have partially redundant
functions in the CNS (as shown above for the viability), embryos
deﬁcient for gsbn and haploid for gsb were examined. In these
gsbnD19A/Df(2R)IIX62 or gsbndel/Df(2R)GGGd13 embryos, the over-
all organization of motor axon projections is normal, and no
aberrant projections are observed in ISN and ISNb. By contrast,
the SNa branch exhibits two phenotypes of defective innerva-
tions of the lateral muscles. More than 70% of the hemisegments
examined in these mutants displayed a ‘thin’ SNa phenotype,
characterized by a substantially weaker immunostaining for FasII
than in wild-type embryos but retaining the stereotypic bifurca-
tion of SNa (ﬁlled arrowheads in Fig. 4C, D and Table 2).
In addition, in more than 10% of the hemisegments that exhibited
the ‘thin’ phenotype, a ‘bifurcation missing’ phenotype was
observed, in which the SNa motor axons do not bifurcate
and project inappropriately into the lateral muscle ﬁeld (open
arrowheads in Fig. 4C, D and Table 2). The penetrance of the ‘thin’
and ‘bifurcation missing’ phenotypes is similar for all gsbn /
gsb /+ genotypes examined (Table 2). Moreover, anti-HRP stain-
ing, which also labels the SNa (Johansen et al., 1989), showed
Fig. 5. Aberrant pathways of NB5-4 SNa motor axons in gsbn/ gsb/+ mutants. Ventral views of dissected and ﬂat-mounted late stage 16 embryos are shown, oriented
with their anterior up, dorsal side to the right, as indicated by the schemes below panels illustrating lateral muscles 5, 8, 21–24 and ventral muscles 27 and 29, and their
innervation by SNa and SNc, respectively. NB5-4 ﬂip-out clones induced in hs-ﬂp y w/(y w or Y); gsbn-Gal4/UAS4CD2 y+4mCD8-GFP (wild type) (A-C) or hs-ﬂp y w/(y w or
Y); gsbn-Gal4 gsbnD19A/UAS4CD2 y+4mCD8-GFP Df(2R)GGGd13 (gsbn/ gsb /+) embryos (D–R), were visualized by co-immunostaining for GFP and Con in the green (GFP)
or red channel (Con) or both (merge). Note that in (D), (G), (J), (M), and (P) ectopic SNc projections are always present. In (D), the posterior branch of SNa is missing and the
anterior is incomplete. In (G), the anterior branch of SNa is missing. In (J), the whole SNa is missing. In (M), the SNa is stalled before reaching its target muscles. In (P), both
SNa branches are present. Arrows and arrowheads point at SNa and SNc, respectively. Note that the SNc axons in (M) are stalled but staining of their tip is enhanced as at a
neuromuscular junction, which indicates that this abnormal SNc innervates muscle 27. The axon above it projects from a more dorsally located induced sensory neuron clone
and is thus labeled by GFP but not marked by Con (O). Scale bar: 20 μm.
H. He, M. Noll / Developmental Biology 382 (2013) 209–223 217similar defects in the SNa of gsbn / gsb /+ mutants (data not
shown).
It has been reported that gsb is expressed transiently in the
mesoderm at stage 12 (Gutjahr et al., 1993). By contrast, Gsbn does
not colocalize with the bHLH transcription factor Twist (data notshown), a somatic mesoderm marker (Baylies and Bate, 1996;
Dunin Borkowski et al., 1995). Furthermore, all the muscle ﬁbers of
gsbnD-19A/Df(2R)GGGd13 embryos appear to have normal shapes
and attach to the epidermis at the correct sites, as revealed by
immunostaining for the Myosin heavy chain (Fig. S5 in Supporting
H. He, M. Noll / Developmental Biology 382 (2013) 209–223218information). This implies that the SNa phenotype is a direct effect
of the neural defect.The SNa phenotypes are caused by a gsb haploinsufﬁciency in gsbn
mutants
Two lines of evidence suggest that the SNa phenotype of
gsbn/ gsb /+ mutants in part results from the loss of gsbn. First,
the gsbn transgene, gsbnRes-deltaIN3, completely rescues the SNa
phenotype of gsbnD19A/Df(2R)IIX62 embryos (Table 2). Second,
the SNa phenotype is observed neither in Df(2R)IIX62/+ nor in
Df(2R)GGGd13/+ embryos (Table 2). However, since the projectionsFig. 6. BarH1 expression is largely abolished in gsbn/ gsb /+ and gsb mutants. (A–C)
Stage 16 wild-type (A), gsbnD19A/gsbdb (B), and gsbs252 (C) embryos were immunostained
laterally, and sometimes labels in addition a medially located NB5-4 SNa MN. In gsbn
arrowhead indicate lateral and medial SNa MN(s), respectively. (D) Histogram showing
BarH1 (abscissa) in wild-type (n¼124; A), gsbnD-19A/gsbdb (n¼121; B), and gsbs252 (n¼1
Table 2
SNa depends on gsbn and gsb for innervations of lateral muscles. Fraction of ‘thin’
and ‘bifurcation’ missing phenotypes (in %), observed among a total number of
hemisegments shown in the last column, are indicated for the various genotypes
given in the ﬁrst column.
Genotype ‘Thin’ ‘Bifurcation
missing’
Number of
hemisegments
y w 1.9 0 211
Df(2R)IIX62/+ 3.3 0 240
Df(2R)GGGd13/+ 2.5 0 159
gsbnD-19A 2.6 0 231
gsbndel 5.6 0 197
gsbnD-19A/Df(2R)IIX62 72 14 232
gsbnD-19A/Df(2R)GGGd13 75 11 194
gsbndel/Df(2R)GGGd13 75 16 174
gsbnD-19A/gsbdb 80 10 120
gsbnD-19A/Df(2R)IIX62; gsbnRes-deltaIN3 7 o1 228
elav-Gal4/+; Df(2R)GGGd13/gsbnD-19A;
UAS-Gsbn/+
12 0 288
gsbnD-19A/Df(2R)GGGd13; UAS-Gsbn/+ 82 8 144of the SNa motor axons are normal in homozygous gsbnD19A and
gsbndel embryos, the SNa phenotypes cannot be attributed entirely
to the loss of gsbn. Hence, the removal of one copy of at
least another gene, uncovered by the deﬁciencies Df(2R)IIX62,
Df(2R)GGGd13, and gsbdb, contributes to the SNa phenotype
(Table 2). Since gsbdb affects only gsbn and gsb, this gene must
be gsb.Expression of gsbn in the NB5-4 lineage also partly depends on gsb
To conﬁrm that development of the SNa MNs depends on gsb,
we analyzed the SNa phenotype of gsbs252 embryos. Although
these gsb embryos exhibit a similarly severe phenotype revealed
by anti-FasII staining of the SNa branch to that of gsbn / gsb/+
embryos (data not shown), the interpretation of this result is
complicated by the fact that at least the ventral muscles 27 and 29
are missing at high frequency as well (data not shown; C. Zhang,
unpublished observations). We then examined gsbn expression in
the two or three SNa MNs of gsbs252 embryos whose soma and
neurites can be visualized by immunostaining for Con in wild-type
embryos (Fig. 3H–J and Fig. S6A–C in Supporting information).
Although the overall organization of the CNS is severely disrupted
in gsbs252 mutants, the medially projecting neurites and the
somata of the SNa MNs are still recognizable in most hemiseg-
ments (Fig. S6D–F in Supporting information). In 63% of the
hemisegments (n¼63) of gsbs252 embryos, gsbn expression in the
Con-positive SNa MNs is completely abolished (Fig. S6D–F in
Supporting information), which suggests that gsbn expression
depends on gsb in the SNa MNs as well. Thus, gsb and gsbn are
linked in the NB5-4 lineage by the same, though incomplete,
hierarchical relationship as in the VNC (Fig. 2C). Moreover, in theVentral views of dissected VNCs with NB5-4 SNa MNs in focal plane and anterior up.
for BarH1. In wild-type embryos, BarH1 marks two or three NB5-4 SNa MNs located
D-19A/gsbdb or gsbs252 embryos, BarH1 expression is largely abolished. Arrows and
fraction of hemisegments (ordinate) with 0–3 lateral NB5-4 SNa MNs expressing
32; C) embryos.
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abolished (see below).
gsbn and gsb are required for cell fate speciﬁcation of NB5-4 SNa MNs
To further investigate the defects of axonal projections of
NB5-4 SNa MNs in gsbn / gsb/+ mutants, again NB5-4 ﬂip-out
clones (as shown in Fig. 3D–J) were used, but this time in a
gsbnD19A/Df(2R)GGGd13 background. Thus, UAS4CD2 y+4mCD8-
GFP, from which CD2 y+ has been deleted in single clones by hs-ﬂp
activated by heat shock, was activated in cells expressing gsbn by
gsbn-Gal4 in wild-type (Fig. 5A–C) or gsbnD19A/Df(2R)GGGd13
embryos (Fig. 5D–R). Conditions of heat shock were optimized to
induce much less than one NB5-4 clone per embryo (see section
“Materials and methods”). Immunostaining for Con was used to help
identify NB5-4 clones in the mutant background. Clones in the
mutant whose positions in the VNC and Con-staining patterns were
similar to those in the wild type were selected for further analysis.
Strikingly, ectopic innervations of the ventral muscles 27 and 29,
targeted in the wild type only by SNc (Fig. 5A–C), was observed in 28
out of 31 clones (Fig. 5D–R). Normal SNa projection without ectopic
SNc projection was observed only in three clones. In 26 of the 28
clones that displayed the ectopic SNc projections, the SNa projection
was either partially (Fig. 5D–I and M–O) or completely missing
(Fig. 5J–L). The recognizable SNa motor axons sometimes formed
only one of the two branches (Fig. 5D–I) or stalled before reaching
the lateral muscle ﬁeld (Fig. 5M–O). Only in two clones exhibiting
ectopic innervations of muscle 27, both the anterior and posterior
branch of the SNa were observed (Fig. 5P–R). It is well possible that
one SNa motor axon is still missing in these two clones, which
would not be detectable by our method. The phenotype of the
ectopic SNc projection was conﬁrmed by immunostaining for FasII
of the gsbn / gsb /+ embryos. In about 30% of the hemisegments
examined, the staining intensity of SNc is substantially increased
(arrow in Fig. S7B in Supporting information) compared to that in
wild-type embryos (arrow in Fig. S7A in Supporting information).
One might object that in the mutant background extensive cell
death occurs in the NB5-4 lineage such that most NB5-4 clones
could not be identiﬁed by our method and hence the 31 clones
analyzed are peculiar ‘escapers’. This possibility is ruled out by
three lines of evidence. First, the frequency at which the 31 clones
were identiﬁed in the mutant is similar to that in the wild-type
background (1 NB5-4 clone per 2 embryos; see section “Materials
and methods”). Second, in all hemisegments of the mutant
embryos, immunostaining for Con reveals neurites and cell bodies
corresponding to those of the wild-type SNa MNs (Fig. S8 in
Supporting information). Third, the number of cells in NB5-4
clones is not decreased but rather enhanced in the majority of
cases. An accurate assessment of this increase in cell number,
however, demands that all labeled cells be derived from NB5-4.
We estimated that 26 of the 31 clones labeling NB5-4 SNa MNs
were single clones in hemisegments in which no additional clones
had been induced. For these 26 clones, the average cell number of
the mutant NB5-4 lineage is 6.971.9 (SD), resulting in an average
increase of about two cells in the mutant as compared to the wild-
type NB5-4 lineage. These supernumerary cells are MNs that may
contribute to the ectopic innervation through SNc (Fig. 5).
To further test whether gsb and gsbn are required to specify the
SNa fate, BarH1 expression was examined in gsbn / gsb /+ and
gsb embryos. In wild-type embryos at stage 16, BarH1 is
consistently and strongly expressed in two or three of the most
lateral NB5-4 SNa MNs (Fig. 3K–M and Fig. 6A). In sharp contrast,
staining for BarH1 in those cells is not detected in over 50% and
80% of hemisegments in gsbn/ gsb /+ and gsb embryos,
respectively (cf. Fig. 6B and C with Fig. 6A and D). Moreover,
expression of β-galactosidase in the enhancer trap line BarH1lacZ islargely abolished in gsbn / gsb /+ embryos as well (Fig. S9 in
Supporting information), which suggests that gsb and gsbn regulate
BarH1 expression in the NB5-4 SNa MNs at the transcriptional level.
Expression of gsbn at the postmitotic neuronal stage can rescue the
SNa phenotype of gsbn / gsb /+ mutants
The fact that both gsb and gsbn are expressed in the neuronal
precursors and that gsb functions as an NB identity gene raises the
question whether the SNa phenotype results from the loss of gsb
and gsbn at the neuronal precursor or postmitotic neuron stage.
To address this question, the SNa phenotype was examined in
gsbnD19A/Df(2R)GGGd13 embryos carrying two transgenes, UAS-
Gsbn under control of the elav-Gal4 driver, and thus expressing
Gsbn in all postmitotic neurons of the CNS (Lin and Goodman, 1994;
Robinow and White, 1988). As evident from Fig. 4E and Table 2, the
neuronal expression of gsbn almost completely rescued the SNa
defects, whereas UAS-Gsbn in the absence of its driver did not
(Fig. 4F and Table 2). It seems improbable that the rescue resulted
from a transformation of neuronal fate into SNa MNs. If this was the
case, the number of SNa MNs would be expected to increase in elav-
Gal4/+; UAS-Gsbn/+ embryos. However, in such embryos staining of
SNa for FasII is not appreciably stronger than in wild-type embryos
(data not shown). Therefore, the rescue of the SNa phenotype most
probably results from the expression of Gsbn in NB5-4 SNa MNs.
gsbn is partially redundant with gsb in embryonic segmentation
The ﬁnding that gsb and gsbn share overlapping functions for
viability and MN development led us to revisit the issue of the
gsb cuticular phenotype. This phenotype seemed to depend only
on gsb because the cuticle of homozygous Df(2R)IIX62 embryos,
which lack both gsb and gsbn, could be rescued completely by a
transgene that included only gsb (Gutjahr et al., 1993). It was
therefore puzzling that, despite extensive efforts, no mutations
had been isolated that affect only gsb and exhibit a strong
cuticular phenotype. Intriguingly, gsb525 embryos, which may
produce Gsb protein by readthrough at the ochre codon at
undetectable levels, exhibit a very weak cuticular phenotype
while gsbP1155 embryos show no such phenotype (Duman-
Scheel et al., 1997). A possible explanation is that gsbn is
completely or partially redundant with gsb in embryonic seg-
mentation. Of course, this could explain the absence of a strong
phenotype of gsb mutants only if epidermal expression of gsbn is
largely independent of gsb during the critical period from mid
stage 11 to stage 13 (Li and Noll, 1993), at the end of which
epidermal expression of gsb disappears (Gutjahr et al., 1993). It
has been shown that the main function of gsb as a segment-
polarity gene during this critical period is the maintenance of wg
expression by a wg-gsb autoregulatory loop (Li and Noll, 1993).
Thus, if gsbn was partially redundant with gsb in maintaining wg
expression, one would expect Gsbn protein, previously detected
only after germ band retraction (Gutjahr et al., 1993), to be co-
expressed with Wg in epidermal cells during the critical period,
i.e., by mid stage 11. Indeed, at mid stage 11, Gsbn protein is ﬁrst
detectable in a few epidermal cells that express Wg as well
(Fig. 7A). At late stage 11, Gsbn is co-expressed with Wg in 3–4
rows of epidermal cells (Fig. 7B). The epidermal expression of
Gsbn persists till the end of embryogenesis (Gutjahr et al., 1993).
In addition, epidermal expression of Gsbn is partly independent
of gsb, as evident from its expression in gsbs252 embryos, after
stage 13 when Gsb is no longer expressed (Fig. 2B and C) as well
as during stages 11–13 (data not shown).
Therefore, we asked whether the cuticle of Df(2R)IIX62 mutants
can be rescued by two copies of the gsbn transgene, gsbnRes-deltaIN3.
In homozygous Df(2R)IIX62 mutants, the naked posterior portion of
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the denticle belts present in the anterior portionwith high penetrance
and high expressivity (Nüsslein-Volhard and Wieschaus, 1980;
Fig. 7D). Homozygous Df(2R)GGGd13 and gsbdb embryos exhibit a
similar high penetrance of the mutant cuticular phenotype as
Df(2R)IIX62 embryos but variable expressivities (Fig. 7E–G). The higher
expressivity of Df(2R)IIX62 indicates that there is a mutated goose-
berry ‘modiﬁer’ on the Df(2R)IIX62 chromosome, possibly uncovered
by Df(2R)IIX62 but not by Df(2R)GGGd13 or gsbdb (H.H., unpublished
observations). A comparison of the cuticle of wild-type embryos
(Fig. 7C) with that of Df(2R)IIX62 embryos carrying two copies of
gsbnRes-deltaIN3 showed that 48% of the segments (n¼273) of the
latter were partially or fully rescued (Fig. 7H). The partial rescue by
gsbnRes-deltaIN3was conﬁrmed in a Df(2R)GGGd13 background (data
not shown), which implies a partial functional redundancy of gsbn
with gsb in segmentation. In the gsb null, gsbs252, and strong mutant,Fig. 7. gsbn is partially redundant with gsb in embryonic segmentation: (A and B)
Epidermal expression of Gsbn and Wg at stage 11. Wild-type embryos at mid
(A) and late (B) stage 11 were co-immunostained for Gsbn and Wg. Scale bar:
20 μm. (C–J) Ventral views of cuticle preparations of wild-type (C), Df(2R)IIX62 (D),
Df(2R)GGGd13 (E), gsbdb (F and G), Df(2R)IIX62; gsbnRes-deltaIN3 (H), gsbs252 (I), and
gsbJ46 (J) embryos are shown under dark ﬁeld illumination with anterior up. Note
that the gooseberry phenotype of gsbdb, like that of Df(2R)GGGd13 (not shown here),
varies between low (F) and high (G) expressivity.gsbJ46, only 13% (n¼315) and 7.7% (n¼273) of the segments,
respectively, showed a partial gooseberry phenotype (Fig. 7I and
J). Hence, the similarly weak mutant cuticular phenotype of gsb525
(4%, n¼312; Duman-Scheel et al., 1997) is presumably also largely
explained by the redundancy of gsbn with gsb rather than by a
possible readthrough at the stop codon of the gsb525 allele (Duman-
Scheel et al., 1997), a conclusion that is consistent with the
following, more quantitative consideration. The observation that
the cuticular phenotype of gsb525/Df(2R)IIX62 embryos (31%, n¼416;
Duman-Scheel et al., 1997) is much stronger than that of homo-
zygous gsb525 or gsbs252 embryos implies that the removal from
gsb525 embryos of one copy each of gsbn and gsb525 has a much
stronger effect (31%4%¼27%) than the removal of both copies of
gsb525 (13%4%¼9%). It follows that the functional contribution of
Gsbn to the partial rescue of gsb525 embryos is much bigger than
that of Gsb525 or a low level of wild-type Gsb protein due to
readthrough at the stop codon. Thus, gsb525 is probably also a very
strong, if not a null, allele, in agreement with its RP2-duplication
phenotype in the CNS (Duman-Scheel et al., 1997). The fact that the
cuticular phenotype of Df(2R)IIX62 embryos rescued by two copies
of the gsbn transgene, gsbnRes-deltaIN3, is still much stronger than
that of gsbs252 embryos, may be explained by the presence of a
modiﬁer on the Df(2R)IIX62 chromosome and/or a higher efﬁciency
of endogenous gsbn compared to its transgene.Discussion
We have generated of a series of mutations that affect one or
both genes at the gooseberry locus (Fig. 1B; Figs. S1 and S2 in
Supplementary information). The genetic and developmental ana-
lysis of these mutants revealed concerted and overlapping roles of
these genes in (i) cell fate speciﬁcation of a subset of MNs, (ii)
embryonic segmentation, and (iii) survival to adulthood and fertility.
Cell fate speciﬁcation of SNa MNs
Although many transcription factors have been identiﬁed that
control the cell fates of the ISN subtypes (Broihier and Skeath, 2002;
Thor and Thomas, 1997; Thor et al., 1999; reviewed in Butler and Tear,
2007; Landgraf and Thor, 2006), little is known about the factors that
determine the SN subtypes. Our results demonstrate that both gsb and
gsbn play essential roles in the speciﬁcation of SNa MNs. The fact that
in gsbn / gsb/+ embryos ectopic SNc projections are induced at the
expense of the normal SNa projection suggests that, in the absence of
a functional gsbn gene and the presence of only one functional gsb
gene, MNs of the NB5-4 lineage acquire the SNc identity. It follows that
gsb and gsbn specify the SNa fate and concomitantly repress the SNc
fate, thereby subdividing the SN into SNa and SNc. This hypothesis is
testable, once regulators of the SNc pathway are known, and plausible,
as an analogous situation may exist for the subdivision between ISN,
ISNb, and ISNd (Broihier and Skeath, 2002; Thor et al., 1999). In lim3
mutants, ISNb MNs fail to innervate their normal target muscles but
project ectopically in ISNd (Thor et al., 1999). In addition, in eve
mutants – even-skipped (eve) and dHb9 display non-overlapping
expression patterns in the VNC and MNs (Broihier and Skeath,
2002) – dHb9 is derepressed in MNs that in wild-type embryos
innervate dorsal muscles through ISN. Conversely, in dHb9 mutants,
eve is ectopically expressed in several MNs that normally express dHb9
and innervate ventral muscles through ISNb but now fail to innervate
the ventral muscles and ectopically project with ISN to the dorsal
muscle ﬁeld (Broihier and Skeath, 2002). Therefore, mutual repression
between motoneuronal subtypes might be a general mechanism
by which subtype identities are determined. The expression patterns
of both dHb9, which is not expressed in Gsbn-positive SNa MNs,
and eve in MNs seem not to be changed in gsbn/ gsb/+ mutants
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sion mechanisms act only as switch between motoneuronal subtypes
or also between ISN and SN identities.
Although both gsbn and gsb are involved in the speciﬁcation of
the SNa MNs, it appears that gsb plays a more important role, as
evident from the fact that while two doses of gsb/gsbn are required
to properly determine the SNa fate, one of them has to be gsb
whereas gsbn is dispensable in the presence of two functional
copies of gsb. As gsb is no longer expressed in the CNS after stage 13,
this further implies that the fate of the SNa MNs derived from NB5-4
is speciﬁed between stages 11 and 13. It has been demonstrated
that, despite the considerably diverged C-terminal moieties of the
coding sequences of gsb, gsbn, and paired (prd), their proteins can
still largely substitute for each other’s functions and their speciﬁc
developmental roles reside in the difference between their cis-
regulatory regions acquired during evolution (Li and Noll, 1994b;
Xue and Noll, 1996). Accordingly, the differential roles of gsb and
gsbn most probably result from the dependence on gsb of gsbn
transcription in SNa MNs. Once gsbn is expressed in the NB5-4
lineage, it functions redundantly with gsb to activate downstream
target genes, as no SNa phenotype is observed in the absence
of Gsbn. The redundancy of Gsbn with Gsb becomes evident only
when, in addition to the homozygous deletion of gsbn, a copy of gsb
is removed, which results in the SNa phenotype and in turn can be
rescued by the addition of a gsbn transgene.
While gsbn and gsb are the only transcription factors shown to
specify the identity of SNa, at least another transcription factor is
involved in the determination of the SNa pathway as at least two
SNa MNs express neither gsbn nor gsb but BarH1 (Garces et al.,
2006). Since all BarH1-positive motor axons project in the SNa
nerves, innervating muscles 21–24, 8 and/or 5 (Garces et al., 2006),
while the 5 Gsbn-positive MNs derived from NB5-4 innervate
muscles 22–24, 5 and perhaps 8, but not muscle 21 (Fig. S4 in
Supplementary information), muscle 21 is innervated by one of
the two BarH1 SNa MNs that do not express Gsbn.
The expression of gsbn and gsb in the NBs of rows 5 and 6 raises
the question of whether the SNa phenotype observed in gsbn /
gsb /+ mutants simply results from a change in NB5-4 identity. A
clue to this question provides our observation that in the absence of
a functional gsbn gene, no SNa phenotype is observed if two
functional copies of gsb are present. Since these are expressed
mainly at the NB and GMC stages, but only at low levels or not at
all in MNs (Fig. 3N–P), it is probable that the SNa fate is speciﬁed
before the MN stage. Indeed the level of Gsb provided by only one
gsb gene in gsbn / gsb /+ mutants is sufﬁcient to support the
wild-type SNa fate in 10% of the NB5-4 clones analyzed, while in
many of the remaining clones at least one SNa MN maintains its
identity and properly innervates its target muscle (Fig. 5). However,
the SNa fate can also be largely rescued in gsbn / gsb /+ mutants
by Gsbn at the postmitotic stage in MNs (Fig. 4E). Remarkably, all
neurons of the NB5-4 lineage are motoneuronal. We think that
these observations are best explained by a model in which NB5-4
MNs are speciﬁed during two critical periods. At the NB stage, when
the Gsb protein level is high, the fate of the progeny of NB5-4 is
speciﬁed by Gsb to be motoneuronal such that their axons will
extend outside of the VNC and project through the SN. This explains
why in gsbn/ gsb /+ mutants the progeny of NB5-4 still are MNs
although they mostly target the wrong muscles. During the second,
much longer period, extending from the GMC to the MN stage, the
subtype identity, SNa versus SNc, is speciﬁed. As long as levels of
Gsb and/or Gsbn protein are sufﬁciently high at the GMC or MN
stage, the subtype identity is properly speciﬁed. Thus, sufﬁcient Gsb
protein is provided in gsbn / gsb+/+ embryos during the GMC and
perhaps early MN stage, whereas in gsbn / gsb/+ embryos
rescued by elav-Gal4 UAS-gsbn, levels of Gsbn provided at the MN
stage are sufﬁcient to properly specify the subtype identity.The increase in cell number of the NB5-4 lineage in gsbn /
gsb /+ mutants could result from a deregulation of the prolifera-
tion of NB5-4 and/or GMCs or from a decrease in apoptosis of the
neurons (Rogulja-Ortmann et al., 2007), which raises the question
of whether a defect in motor axons is somehow coupled to a defect
in the control of cell number. In 25% of the clones that exhibit
ectopic SNc projections, however, the cell number is similar to that
in the wild type, in the range of 4–5. Moreover, in all three clones
that show normal SNa and no ectopic SNc projection, the cell
number is increased, ranging from 7 to 9. Therefore, the two
phenotypes do not seem to be correlated, which suggests that the
two functions in the NB5-4 lineage of gsb and gsbn are separable.
Consistent with this conclusion, it has been reported that in
embryos deﬁcient for programmed cell death, NB5-4 clones
consist of 10–13 neurons but display a wild type-like projection
pattern (Rogulja-Ortmann et al., 2007).
Partial redundancy of gsbn with gsb in the embryonic epidermis
For historical reasons, the strong cuticular phenotype of
Df(2R)IIX62 (Nüsslein-Volhard and Wieschaus, 1980; Nüsslein-
Volhard et al., 1984) was assumed as gold standard for a null
allele of gsb despite the fact that it was soon discovered that this
deﬁciency deletes two duplicated genes at the gsb locus, gsb and
gsbn (Bopp et al., 1986). That no gsb alleles with a strong segment-
polarity phenotype like that of Df(2R)IIX62 were found was
puzzling but attributed to ineffective mutagenesis screens
(Duman-Scheel et al., 1997). Accordingly, gsb alleles exhibiting
weak cuticular phenotypes were assumed to be hypomorphic
(Duman-Scheel et al., 1997). The results presented here strongly
suggest a different explanation for this long-standing problem:
gsbn and gsb fulﬁll partially redundant functions in embryonic
segmentation. They further explain why previously strong cuticu-
lar phenotypes similar to that of Df(2R)IIX62 could be obtained
only by combining a gsb null allele, like the large deﬁciency
Df(2R)SB1 that uncovers gsb but not gsbn, with a large deﬁciency
uncovering both gsb and gsbn, thus generating gsbn /+ gsb /
mutants (Duman-Scheel et al., 1997).
Thus, the situation for the speciﬁcation of the epidermis
between mid stage 9 and mid stage 11 (Li and Noll, 1993) by the
segment-polarity functions of gsb and gsbn is similar to that for the
determination of the SNa MNs derived from NB5-4 by their CNS
functions during stages 11–13. The SNa phenotype of gsbn /
gsb /+ embryos can be rescued if Gsbn is provided at the MN
stage. Similarly, the cuticular segment-polarity phenotype of gsb
null mutants is very weak because it is rescued after stage 10 by
the presence of Gsbn in the epidermis. If the gsbn dose is reduced
in gsb/ embryos, the rescue effect by Gsbn is diminished and
the cuticular phenotype enhanced.
Since we have shown that gsbn and gsb share several over-
lapping functions, one should be cautious when attributing
phenotypes observed in gsbn /+ gsb/ mutants solely to the
loss of gsb functions. The two strong or null alleles of gsb
generated in this study, gsbs252 and gsbJ46, will offer the oppor-
tunity to study the functions of gsb without the discussed genetic
complications.
Haploinsufﬁciency of gsb in gsbn mutants
A common feature of many gene pairs in Drosophila is ‘enhancer
sharing’: two duplicated neighboring genes share the same enhan-
cer(s) and hence are expressed in similar patterns. As a conse-
quence, one of the two genes could be completely redundant.
Indeed, this is the case for the invected gene of Drosophila at the
engrailed-invected locus (Gustavson et al., 1996). By contrast, the
enhancers of gsb and gsbn cannot activate the heterologous
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berry genes are linked in a regulatory hierarchy: transcription of
gsbn partially depends on the expression of gsb. These features of
the gsb locus suggest that aspects of their functional interactions
differ from those of other gene pairs. The phenotype of gsbn
mutants is mild compared to that of gsb mutants. Nevertheless,
gsbn and gsb are still intimately linked, notably revealed by the
haploinsufﬁciency of gsb in gsbn mutants. Our detailed analysis of
the SNa phenotype in gsbn / gsb /+ mutants suggests that the
functional link between gsb and gsbn is established mainly through
the strong requirement for full activation of gsbn by a functional Gsb
protein. Once gsbn is expressed, Gsb, together with Gsbn, activates
their target genes in a redundant fashion, probably because of their
two highly conserved DNA-binding domains, the paired-domain
and the paired-type homeodomain (Li and Noll, 1994b). It appears
that the gsb-gsbn hierarchy at least ensures normal development of
the dorsal SNa MNs if one copy of gsb is lost as long as one
functional copy of gsbn is preserved. Moreover, gsbn / gsb/+
larvae die during ﬁrst instar, most probably due to defects in the
CNS. Therefore, the establishment of a gsb-gsbn hierarchy avoids
deleterious effects caused by the gsb haploinsufﬁciency.
Evolutionary aspects of the gsb locus
The gsb locus provides an interesting paradigm of how selec-
tion for both genes may occur after duplication of their ancestral
gene during evolution. A possible, though speculative, scenario
explaining the selection for both genes, gsb and gsbn, could be the
following. Let us ﬁrst consider the general case of a gene that
becomes haploinsufﬁcient for a speciﬁc function during evolution.
This is a disadvantage against which evolution selects by favoring
higher transcription levels in cells dependent on this haploinsufﬁ-
cient function. We envisage that such increased levels could result
(i) from mutations in the enhancers that regulate transcription in
the tissues subject to the haploinsufﬁciency, or (ii) from duplica-
tion of the gene including its enhancer responsible for the
haploinsufﬁcient function. The second scenario, however, is pos-
sible only if a quadruple dose is neither lethal nor causes other
disadvantages against which evolution would select. In the case of
the ancestral gene of gsb/gsbn, we argue that haploinsufﬁciency for
a certain function, for example that required for proper develop-
ment of SNa MNs, was overcome by a gene duplication and
inversion, resulting in two genes that are divergently transcribed,
gsbn and gsb. We further argue that selection for both genes occurs
if one of the genes is partly dependent on the other in cells that
required the haploinsufﬁcient function before gene duplication.
This is conceivable if the enhancer of the ancestral gene respond-
ing to the segment-polarity gene Wg (Li and Noll, 1993; Li et al.,
1993) was included in the duplication. While the gsb gene
remained dependent on Prd and Wg (Li et al., 1993), gsbn became
partly dependent on Gsb that maintained Wg expression (Li and
Noll, 1993). Thus, as one duplicated gene, gsb, retained some of the
original enhancers and the other, gsbn, became partially depen-
dent on Gsb in some tissues, the expression of the two genes
overlapped in these tissues during development. As a conse-
quence, gsb was no longer haploinsufﬁcient because when one
of its copies was inactivated by mutation, gsbn provided sufﬁcient
protein substituting for the missing Gsb protein. This explains why
gsbn, which is partly dependent on gsb, does not show an SNa
phenotype when inactivated in both copies, as long as two copies
of gsb remain present. This mechanism would have selected for
both gsb genes after their duplication, and each genes was thus
able to acquire additional enhancers and functions during evolu-
tion (Li and Noll, 1994b; Xue and Noll, 1996). Consistent with this
hypothetical scenario, the haploinsufﬁciency of the ancestral gene
is still apparent today in gsb when both copies of gsbn areinactivated by mutation. By this scenario, haploinsufﬁciency for a
particular function of the ancestral gene can be overcome by gene
duplication. However, this is not possible if twice the level of the
ancestral gene product is deleterious for any of its essential
functions.
Interestingly, a similar regulatory link may have been estab-
lished during the much earlier duplication that gave rise to prd and
the ancestor of gsb/gsbn (Noll, 1993). Here, the ancestral gene of
gsb/gsbn may have retained most functions of its ancestor and
became dependent on the activation by prd, which retained the
enhancer that activated its ancestor initially. By the acquisition of
additional enhancers, prd evolved as pair-rule gene activating the
ancestor of gsb/gsbn in alternating segments, while other evolving
pair-rule genes activated gsb/gsbn in the remaining segments. Why
prd is eventually activated in a segment-polarity pattern is still a
conundrum, as so far no functions of prd have been demonstrated
in every other segment. A possible explanation is that prd per-
forms in these segments an epidermal function that is redundant
with that of gsb, similar to the redundancy demonstrated here for
functions of gsb and gsbn.
In addition to a hierarchical regulatory link, there seems to be a
structural link between the duplicated genes, which may also hold
the clue to the question why their enhancers have become so
selective for their cognate promoters (Li and Noll, 1994a).Acknowledgments
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